Plant endophytes are a group of microorganisms that reside asymptomatically within the healthy 23 living tissue. The diversity, molecular and biochemical characterization of industrial hemp-24 associated endophytes have not been previously studied. This study explored the abundance and 25 diversity of culturable endophytes residing in petioles, leaves and seeds of three industrial hemp 26 cultivars, and examined their biochemical attributes and antifungal potential. A total of 134 27 bacterial and 53 fungal strains were isolated from cultivars Anka, CRS-1 and Yvonne. The 28 number of bacterial isolates was similarly distributed among the cultivars with the majority 29 recovered from petiole tissue. Most fungal strains originated from leaf tissue of cultivar Anka. 30
Molecular and phylogenetic analyses grouped the endophytes into 18 bacterial and 13 fungal 31 taxa, respectively. The most abundant bacterial genera were Pseudomonas, Pantoea and Bacillus, 32 and the fungal genera were Aureobasidium, Alternaria and Cochliobolus. Siderophore, cellulase 33 production, and phosphorus solubilization were the main biochemical traits. In proof-of-concept 34 experiments, re-inoculation of tomato roots with some endophytes confirmed their migration to 35 aerial tissues of the plant. Taken together, this study demonstrates that industrial hemp harbours 36 a diversity of microbial endophytes some of which could be used in growth promotion and/or in 37 biological control designed experiments. Bacterial isolates: To ensure the purity of the emergent microorganisms, bacterial colonies 137 from sterilized tissues were passed through four rounds of single colony isolation via streaking 138 on Lysogeny broth (LB; 1.0% tryptone, 0.5% yeast extract, 1.0% NaCl, 1.5 % agar; Difco, 139
Lawrence, KS, USA) or nutrient agar plates (NA; 0.5% peptone, 0.3% yeast extract, 0.5% NaCl, 140
1.5% agar, Difco) amended with filter sterilized, antifungal agent benomyl (10 mg/ L; Sigma-141 Aldrich, ON, Canada) . Stock cultures of pure bacteria were prepared from overnight LB broth 142 mixed with 25 % glycerol stock at 1:1 ratio, and stored at -80 °C. 143
Fungal isolates: Emergent fungal mycelia were isolated on potato dextrose agar (PDA; 0.2% 144 dextrose, 0.04% potato starch, 1.5% agar; Difco) or malt extract agar (MEA; malt extract 0.3%, 145 peptone 0.05%, 1.5% agar; Difco) amended with 100 mg.L -1 penicillin and 100 mg.L -1 146 streptomycin (Sigma-Aldrich). Fungal isolates were purified through 4 rounds of re-isolation by 147 carefully removing a 3 mm section from the edge of the growing colony, transferring to fresh, 148 amended PDA plates and being incubated for an additional 24-48 h before subsequent re-149 isolation. Pure fungal cultures were stored at -80 °C in 25 % glycerol. 150
Molecular identification and characterization of endophytes 151
Bacteria: One hundred and thirty-four (134) bacterial strains were grown on LB at room 152 temperature for 16-18 h with agitation (175 RPM) to achieve concentrations between 10 8 -10 Sequences of endophytic bacteria were aligned using ClustalW software in SDSC Biology 171
Workbench, and the non-conserved regions were used to design primers for selected bacteria 172 (Table S1 ). Specific primers were synthesized by Integrated DNA Technologies (Corlville, IA, 173 USA) and were tested against all bacteria to ensure specificity. 174
Fungi: Fifty-three (53) fungal isolates were grown on MEA culture medium for one week 175 prior to extraction of total genomic DNA using the Extract-N-Amp Plant DNA extraction kit 176 (Sigma-Aldrich). The primers ITS1F and LR3 (Table S1 ), corresponding to the first ITS of the 177 small subunit, and the large subunit sections of ribosomal DNA were used to amplify a fragment 178 of 1 to 1.2 kbs in length using previously described cycle conditions (Hoffman and Arnold 2010) . 179
The PCR product was cleaned with Exo-SapIT reagents (Affymetrix) as directed, and Sanger 180 sequenced at the University of Arizona Genetics core (Tucson, AZ, USA). 181
Sequences were examined and trimmed manually using Sequencer 4.5 (GeneCodes Corp., 182 MI, USA) to obtain a high quality consensus read. In cases of discrepancies in the consensus 183 read (5.7 % of isolates), the ITS1F and LR3 sequences were assessed separately and search 184 results were compared. A single consensus sequence was also generated in Mesquite version 185 3.02 (Maddison and Maddison 2015) from the ITS1F and LR3 sequences. The consensus 186 identity within the top named hits was used to identify isolates to the family level, and where 187 possible, to the genus level. Fungal sequences were clustered into 90, 95 and 100 % OTU groups 188 based upon sequence similarity using the phylogenetic tool Mesquite. Isolate identity was 189 conducted using the 95% similarity group, which has been found to roughly correspond to the 
Microbial phylogenetic tree generation 206
Reverse sequences of 534R amplified sequences from DNA of bacterial endophytes were 207 generated using the Reverse Sequence tool from Bioinformatic Organization (MA, USA) and 208 aligned into a single sequence in BioEdit v7.2.5 (Ibis Biosciences; CA, USA). Sequences were 209 aligned using the CLUSTAL tool to be used in tree generation. 210
Phylogenetic trees for bacterial and fungal isolates were constructed separately from 211 aligned DNA sequence files using the freeware program MEGA version 6.0 (Tamura et al. 2013) . 212
Trees were generated using Maximum Parsimony methods and used a Subtree-Pruning-Re-213 grafting algorithm (Nei and Kumar; . Positions with fewer than 95% site coverage were 214 eliminated. The bootstrap consensus tree was inferred from 1000 replicates, and only branches 215 above 50% bootstrap score were displayed. The analysis for bacteria involved 134 nucleotide 216 sequences, and 53 nucleotide sequences for fungi. All positions containing gaps and missing data 217 were eliminated. In the bacterial tree there were a total of 310 positions in the final dataset and 218 for fungi there were 676 positions. 219 220
Phenotypic and chemical characterization of endophytes 221
Several chemical tests listed in Table S2 were conducted for the characterization of 222 biochemical traits of bacterial and fungal isolates. Organic acid production (OAP): OAP was determined using a modified methyl red test 244 (Kumar et al. 2012 ). Briefly, bacteria were grown in 5 mL of glucose-phosphate broth at room 245 temperature with agitation (175 rpm) for 4 days. A small amount (3-5 drops) of methyl red 246 solution was added to the culture and mixed gently. Color change to deep red was scored as 247 D r a f t positive, deep orange was scored as a weak reaction and maintenance of yellow coloration was 248 scored negatively. Pure LB and HCL were used as negative and positive controls, respectively. 249
Hormone Production: Indole-Acetic-Acid (IAA) production was assessed as described by 250
Husen (2003) allowed to grow for an additional week prior to ligninase testing. For both tests, indicator dye 275 solutions were applied to assess activities at 4-8 days (cellulase) or 11-15 days (ligninase). 276
Assays were performed in biological triplicates and repeated at least once to obtain a consensus. 277
Colonization and tissue internalization of bacterial endophytes in tomato seedlings 278
As proof-of-concept, we assessed whether representative bacterial strains, that scored 279 positive in at least 6 of the biochemical tests, and exhibited a significant antifungal activity in 280 confrontation assays with pathogenic fungi, are able to colonize and internalize tissues of a dicot 281 plant. The re-introduction of bacterial endophytes in the absence of a competing microbial flora 282 is deemed promising for further greenhouse studies. Thus, we selected tomato (solanum 283 lycopersicum L.) as the model dicot plant instead of hemp seeds because hemp seeds could not 284 be rendered completely sterile without significant loss of viability. 285
Single-cell colonies of bacterial strains of BTG8-5 and BTC8-1, putatively identified as P. 286 orientalis and P. fulva, respectively were isolated from the petiole tissue of field-grown hemp, 287 and were grown in liquid culture in overnight growth in 5 mL of LB (23°C, 175 RPM). These 288 strains exhibited the best biochemical attributes. Three to 4 seeds of S. lycopersicum cv. 289
Beefsteak, surface sterilized as previously described, were planted in 10 g (3 cm deep) of 290 were drenched in 5 mL of sterile LB broth. There were 5 replicates per treatment and the 296 experiment was repeated once in a temporally separated trial. At 28 DPS, seedlings were 297 harvested, separated into root, petiole or leaf tissues and surface sterilized as previously 298 described under isolation of microbial endophytes section. 299 300
Confirmation of bacterial endophytes via culture-independent method and PCR assays: 301
A subset of sterile tissue was retained for PCR reaction using the primer set BT14-302 4F1/BT14-4R1 specific for P. orientalis and P. fulva (Table S1 ) in order to detect and confirm 303 colonization of the target endophytes in plant tissues. Amplification was conducted using HF 304 Bio-Rad PCR and similar conditions as described in the molecular identification and 305 characterization of endophytes section with an annealing temperature of 67.5 ºC. Tissue samples 306 were ground to a fine powder in liquid nitrogen prior to DNA extraction. Between 100 and 400 307 mg of samples were used in a modified CTAB method of DNA extraction (Carrigg et al. 2008) . 308
Briefly, the sample was incubated with lysis buffer [100 mM Tris-HCl; 2 M NaCl; 25mM EDTA, 309 pH 8.0; 5 % polyvinylpyrrolidine; 3 % Cetyl trimethylammonium bromide (CTAB)], 2-310 mercaptoethanol, and 1µl RNAse A (Bioshop, ON, Canada) for 1 h at 70 ºC. Samples then 311 underwent one phenoly:chloroform:isoamyl alcohol (25:24:1) extraction; 2 rounds of 312 chloroform:isoamyl alcohol (24:1) extraction and overnight precipitation in 2/3 volume 313 isopropanol and 1/10 volume 3% sodium acetate (pH 5.2) at room temperature (23 ºC). 314
Precipitated DNA was collected, washed in 70% ethanol and eluted into pure dH 2 O (pH 7.0). 315 D r a f t DNA was visualized on a 1 % agarose gel to confirm quality prior to amplification using the 316
Pseudomonas specific primers BT14-4F1/BT14-4R1 (Table S1) . 317
The remaining tissues were ground with 5 mL of sterile water, serially diluted. One 100 µl 318 was spread on non-amended LB and incubated at 23°C for 2 days prior to colony forming unit 319 (CFU) scoring. Each dilution point was done in triplicates for each tissue and each treatment for 320 each trial. 321
Results

323
Distribution of microbial endophytes 324
Over the course of the growing season of 2013, 1000 tissue segments (leaves, petioles and 325 seeds), collected from hemp cultivars were screened for culturable endophytes. A total of 134 326 bacterial and 53 fungal strains were isolated and identified to the genus level (Figs 1 and 2) . 327
The distribution of bacterial isolates was generally similar among the three hemp cultivars (Fig.  328   1A) with the majority isolated from petiole tissues (67%), followed by leaf (19%) and seed 329 tissues (14%) (Fig. 1B) . On the other hand, the majority of the fungal strains (45%) originated 330 from the cultivar Anka followed by cultivar CRS-1 (36%) and cultivar Yvonne (19%) (Fig. 1C) . 331
More than half of the fungal isolates originated from leave tissue (Fig. 1D) . 332
Irrespective of cultivar or tissue, more bacterial isolates were collected at early and mid-333 late growing periods compared to late-growing period (Fig. 1E) . There was no particular trend in 334 fungal isolate incidence with consistent numbers at each time-point and a slight decrease at later 335 growth periods (Fig. 1E) . 336 D r a f t
Isolate Identification 337
All 134 bacterial strains were partially identified using 16S rRNA primers 27F/534R, and 338 in many cases to the species level. Additional cloning using M13 vector and sequencing was 339 done for some isolates of increased interest to confirm species designation ( Table S1 ). The 340 strains were grouped into 18 different taxa that shared high homology with known sequences and 341 data for endophytic strains have been deposited under the following accession numbers 342
Kx430321-KX430455 with the most frequently isolated endophytes belonging to the gram-343 negative genera, Pseudomonas (35%), and Pantoea (17%), and the gram-positive genera, 344
Staphylococcus (16%), and Bacillus (9%) (Fig. 2A) . 345
The highest abundance of bacterial strains isolated from leaves were isolates of 346
Pseudomonas (11/25) and Bacillus (4/25). These genera constituted more than half (60%) of the 347 strains isolated. From petioles, strains belonging to Pseudomonas (35/90), Pantoea (14/90), 348
Staphylococcus (14/90) and Bacillus (5/90) were the most abundant. The highest genera 349 associated with the seed were Pantoea (7/19) Staphylococcus (4/19), Bacillus (3/19) and 350
Enterobacter (3/19) (Fig. 3) . The distribution of certain taxonomic groups of endophytes was 351 genotype-dependent (Table S3) and Rhizobium were recovered from cultivar CRS-1 (Table S3) , while the genus 354
Microbacterium was recovered from petioles of cultivar Yvonne. 355
All 53 fungal strains were putatively identified by sequencing the amplified fragments 356 using the ITS1F/LR3 primer pair (Table S1 ) and grouped into 13 genera with deposited 357 accession numbers KX64193-KX641987 (Fig. 2B) . All fungal isolates were members of the 358 dikaryota, with the majority (96 %) belong to the Ascomycota. Only two of the 53 isolates were 359 D r a f t members of Basidiomycota, namely: Irpex, and Cryptococcus (Fig. 2B) . The most commonly 360 isolated fungal endophytes belonged to the genera Aureobasidium (24%), Alternaria (19%), 361
Cochliobolus (19%), and Cladosporium (15%). Hemp leaves harboured in high abundance 362 isolates belonging to Cochliobolus (10/37) and Aureobasidium (9/37). The highest number of 363 genera associated with petioles was Alternaria (7/14) and Cryptococcus (4/14). Only strains 364 belonging to Aureobasidium (1/2) and Cladosporium (1/2) originated from seeds (Fig. 3B) . 365
Certain fungal groups were cultivar-specific (Table S4) . Isolates belonging to the taxonomic 366 groups Dreschlera and Irpex and Sordariomycetes were Anka specific (Table S4) 
Pezizomycetes and Stagonosporpsis were recovered from cultivar CRS-1 (Table S4) . 369
The presence of EHB using the genomic DNA of a representative fungal strain from each 370 taxon revealed 6 putative host candidates ( BLASTn sequence identification of large groups of bacteria and fungi (Figs 4 and 5) . The 376 percentage of replicate trees in which the associated taxa clustered together in the bootstrap test 377 (1000 replicates) is shown next to the figures with bootstraps > 50%. The dominant isolate 378 groups (Pseudomonas, Pantoea and Staphylococcus) remain reasonably well delineated (Fig. 4) . 379
The dominant isolate groups for fungi that were well delineated belonged to the Ascomycota 380 (Fig. 5) . 381
Biochemical characterization and antagonistic property of hemp endophytes 382
Initial screening showed the production of siderophore (13/18) and cellulases (11/18) is the 383 most commonly occurring traits found across genera, followed by phosphate solubilization 384 (6/18), and HCN and organic acid production (5/18) ( Table 2 ). All genera except Brevibacterium, 385
Curtobacterium, Microbacterium, Paenibacillus and Staphylococcus were siderophore 386
producers. 387
The top performing strains were all members of the Pseudomonas genus: BTC6-3, BTC8-1, 388 BTG8-5, and BT14-4. All four strains showed varying levels of solubilization of inorganic 389 phosphate, production of siderophores, and all except BTC6-3 demonstrated cellulytic activity 390 (Table 3) . HCN production was noted for only BTC6-3 and BTC8-1, and organic acid 391 production was positive in BTC6-3 and BTG8-5. These strains were additionally tested for IAA 392 production, ACC deaminase activity, antibiotic resistance, and fungal inhibition in direct 393 confrontation assays. BTC6-3 and BT14-4 were found to produce the greatest amounts of IAA 394 (10.96 and 9.46 µg.mL -1 , respectively). 395
Analysis of resistance to various antibiotics showed that all strains belonging to gram 396 positive and gram-negative genera were sensitive to rifampin, chloramphenicol and gentamicin 397 at the concentration tested. For gram-negative bacteria, resistance to hygromycin (82%) and to 398 ampicillin (64%) was most common. Gram-negative strains demonstrated resistance to 399
hygromycin (74%) and ampicillin (43%) (Data not shown) 400
All 53 identified fungal strains were assessed for the production of cellulases and 401 ligninases. Cellulase activity was found to be widespread among the genera (39/53) with 6% of 402 the strains belonging to Cladosporium and Aureobasidium producing lytic zones greater than 10 403 mm. Only 4 strains (2/53) showed ligninase activity: FL11-3, a Pleosporales sp. that showed 404 moderate strength, followed by FL12-3, a Stagonosporopsis sp. (Data not shown) . 405 D r a f t
Antifungal activity 407
Seven fungi, covering a wide range of lifestyles were chosen for confrontation 408 assessment against BTC6-3, BTC8-1, BTG8-5, and BT14-4 (Table 4) and were of particular interest. S. sclerotiorum was significantly affected, displaying reductions 411 in radial growth ranging from 17 to 54% against BTC6-3 and BTC8-1, respectively. Growth of B. 412 cinerea was significantly reduced by BTC8-1 and BTG8-5 (19% and 22% reduction). 413
Rhizoctonia solani was significantly reduced by BT14-4 (28%, P=0.0141), and radial growth of 414 binucleate Rhizoctonia was significantly affected in confrontation assays with BTC8-1 and 415
BTG8-5 strains (23.4 and 31.3% reduction). However no other tested fungi were significantly 416 affected (P =0.05). 417
Recolonization, internalization and detection of bacterial endophytes in plant tissues 419
The surface-sterilization method combined with the imprint technique ensured that the 420 endophytic colonization cell numbers reflect only the number of cells within the interior of the 421 plant tissues. This method is sufficient to kill and/or wash away the surface bacteria while 422 maintaining the survival of the interior bacteria. Bacterial colonies that matched the 423 Pseudomonas phenotype in treated tomato plants were successfully detected in colonized plant 424 homogenates while surface sterilized tissues of control non-colonized plants did not yield 425 culturable bacterial colonies. Re-isolation and quantification of P. fulva (BTC8-1) and P. 426 orientalis BTG8-5 by the plating method in different tissues of tomato seedlings after soil drench 427 with BTG8-5 and BTC8-1, respectively clearly demonstrate that both strains can form sustaining 428 D r a f t endophytic populations in roots, shoots and leaves of tomato (Table 5) . However, population 429 numbers in roots were more variable than in petioles and leaves in both trials. Amplification of 430 genomic DNA extracted from colonized tissue samples using designed Pseudomonas specific 431 primers BT14-4F1/BT14-4R1 gave the expected band size (230 bp) in all treated samples. 432
Absence of endophytes was confirmed in tissues of non-inoculated tomato seedlings (data not 433 shown). 434 435
Discussion 436
The main focus of this study is to examine varieties of hemp grown in Quebec for the 437 presence of endophytic bacteria and fungi, and to determine their taxon level. Strategically, we 438 were interested in examining the maximum diversity of culturable microbes isolated from above 439 
2008; Lundberg et al. 2012). 444
This study demonstrated that hemp cultivars harbour diverse assemblage of culturable 445 bacteria and fungi that exist as endophytes and belong to 18 and 13 diverse taxonomic groups, 446 respectively. All strains identified in this work were related to previously identified species with 447 plant growth-promoting or biological control activity (Rosenblueth & Martinez-Romero, 2006) . 448
To the best of knowledge, this is the first report describing the diversity and the distribution of 449 indigenous bacteria and fungi harbouring hemp cultivars, Anka, CRS-1 and Yvonne that are 450 widely used by the local agricultural community for seed and oil production. enhance plant growth (Santoyo et al. 2012 ). In our study, the majority of the taxonomic groups, 502 produced siderophores, while 38% of the genera were HCN producers. Pseudomonas, the largest 503 taxon with the highest abundance of strains isolated from hemp, produced HCN, siderophore, 504 and IAA. These traits provide Pseudomonas strains a competitive advantage to colonize plant 505 tissues, contribute to disease suppression by the production of antibiotics or HCN, and exclude 506 other microorganisms from the same ecological niche Leong 1986 ). 507
The siderophore-producing Pseudomonas strains in this study, P. fulva (strains BTC6-3 508 and BTC8-1) and P. orientalis (BTG8-5 and BT14-4), exhibited antifungal activities against 509 several plant pathogenic fungi including B. cinerea, a known pathogen of hemp and medicinal 510
Cannabis. Direct evidence to support siderophore production of Pseudomonas strains with 511 antifungal activity has been found during studies on the biocontrol of fungal wilt diseases 512 (Kloepper et al. 1980; Lim et al. 1999 ) and damping off diseases (Weller 1988 ) 513
One of the aims of this study was to confirm internal colonization and systemic spread of 514 selected Pseudomonas strains in tomato seedlings under gnotobiotic conditions. Pseudomonas 515 orientalis strain BTG8-5 and P. fulva strain BTC8-1 were detected in roots, petioles and leaves 516 of young tomato seedlings after reintroducing them as soil drench application. These results 517 confirm that the endophytes have moved from the roots upward to the petiole and leaves and 518 roots and petioles was noticed in our trials. It has been reported that under gnotobiotic and field 523 conditions, the root system is not colonized in a uniform manner, leading to variation in bacterial 524 colonization (Gamalero et al. 2005) . The contribution and functionality to plant growth of 525 endophytes localized in aerial parts was not attempted in this study. Future studies are necessary 526 to correlate colonization of the strains, specifically those with specific functions that are 527 important for plant health and growth. 528
Taken together and based on the results obtained in this study, the genus Pseudomonas has a 529 wide-spread distribution in the above ground tissues of hemp cultivars. In this work, the 530 antagonistic activity of P. orientalis and P. fulva strains along with their biochemical abilities of 531 siderophore, HCN, IAA production and P solubulization, make these strains excellent candidates 532 as bioresource for the production of the above bioactive compounds. Additionally, research 533 aimed at using these strains to increase plant fitness, suppress disease or augment production of 534 secondary compounds in medicinal marijuana varieties, the closest members of the Cannabis 535 sativa, is highly desirable. D r a f t 
